
, '. 
\ 

' ,  

. X-73d-67-388 

1 ,. 

1 ' DESIGN AMD- PERFORhAMCE 
OF A MRMAL STORAGE 

RESlStOJEB ~ 

, 
A 

/ 
\ 

/ 
i 

1 

I , 
/ 

! 

\ .  
r- 

1 

" 

\ 
, R O B E R T  N. GIBSON, SIR. 

\ 'THOMAS A. CYGNAROWICZ -\ 

N 
u 

(THRU) s e * 
v 

(PAGES) i 

(NASA CR OR TMX OR AD NUMBER) 

- AUGUST1967 
I 

I .  

I GODDARD SPACE FtIGHT CENTER 
GREENBELT, MARYLAND \ - 

Submitted to AI AA Electric Propulsion and Plasmadynamics Conference 
September 1 1-1 3, 1967, Colorado Springs, Colorado 

i \ 



-- 

I 

X-736-67-388 

DESIGN AND PERFORMANCE 

O F  A THERMAL STORAGE 

RESISTOJET 

Robert  N. Gibson, Jr. 
Thomas A. Cygnarowicz 

AUGUST 1967 

GODDARD SPACE FLIGHT CENTER 
G re enb elt , Maryland 

Submitted to AIAA Elec t r ic  Propuls ion and Plasmadynamic s Conference 
September  11-1 3, 1967, Colorado Springs,  Colorado 



DESIGN AND PERFORMANCE OF A THERMAL STORAGE RESISTOJET 

R o b e r t  N.  Gibson ,  Jr. and Thomas A. Cygnarowicz 
Goddard Space F l i g h t  C e n t e r  
A u x i l i a r y  P r o p u l s i o n  Branch  

G r e e n b e l t  , Mary l a n d  

A b s t r a c t  

A t h e r m a l  s t o r a g e  resistojet  h a s  b e e n  d e s i g n e d  
a n d  t e s t e d  f o r  p o s s i b l e  s a t e l l i t e  a p p l i c a t i o n s .  The 
res is tojet  w a s  b u i l t  f o r  NASA/GSFC by t h e  G e n e r a l  
E lec t r ic  Company. 

An e l ec t r i ca l  r e s i s t a n c e  e l e m e n t  i s  u s e d  t o  
h e a t  ammonia p r o p e l l a n t  t o  b e t t e r  t h a n  1800°F 
g i v i n g  s p e c i f i c  i m p u l s e  v a l u e s  of  2 3 0  s e c o n d s  a t  
20 mlb t h r u s t .  T h i r t y  watts i s  t h e  power r e q u i r e -  
ment  t o  a t t a i n  t h i s  t e m p e r a t u r e .  

The m e c h a n i c a l  d e s i g n  i s  b a s e d  on a modular  
c o n c e p t  i n c o r p o r a t i n g  t h r e e  ( 3 )  modules :  h e a t i n g  
e l e m e n t ,  t h r u s t e r  body and h e a t  s h i e l d  package.  
Hardware i n t e r c h a n g e a b i l i t y ,  ' i n t e g r i t y  and ease i n  
d e s i e n  a l t e r e t i o n s  f o r  p e r f o r m a n c e  c h a n g e s  are 
assets d e r i v e d  f rom a modular  a p p r o a c h .  

The c o n f i g u r a t i o n  o f  t h e  t h r u s t e r  i s  t h a t  o f  a 
f l a n g e  mounted c y l i n d e r  t w o  i n c h e s  i n  d i a m e t e r  and 
5 i n c h e s  long.  P e r f o r m a n c e  t e s t i n g  f o r  t h e  res i s -  
t a n c e  j e t  i s  d o n e  a t  b o t h  s t e a d y  s t a t e  and  t r a n -  
s i e n t  c o n d i t i o n s .  P u l s e  mode t e s t s  a re  c o n d u c t e d  
t o  s i m u l a t e  s a t e l l i t e  a p p l i c a t i o n s  and e n a b l e  t h e  
e n g i n e e r  to  p r e d i c t  how t h e  t h r u s t e r  w i l l  f u n c t i o n  
u n d e r  a n y  s p e c i f i c  s i t u a t i o n .  Test d a t a  a l l o w s  
f e a t u r e s  i n c l u d i n g  t h r u s t  v s .  Isp and h e a t  s h i e l d  
e f f e c t i v e n e s s  t o  be r e a d i l y  e v a l u a t e d .  

E n v i r o n m e n t a l  tes ts  i n c l u d i n g  v i b r a t i o n ,  
a c c e l e r a t i o n  and t h e r m a l  vacuum a l o n g  w i t h  t h e  
p e r f o r m a n c e  tests have  shown t h e  re s i  s t o  j e t  t h r u s t e r  
d e s i g n  t o  b e  f e a s i b l e  f o r  l o w  t h r u s t  s a t e l l i t e  
a p p l i c a t i o n s .  

I n t r o d u c t i o n  

A s  s p a c e c r a f t  become l a r g e r  w i t h  l o n g e r  and 
more complex m i s s i o n s ,  t h e  need f o r  a c o n t i n u i n g  
d e v e l o p m e n t  o f  a d v a n c e d ,  low t h r u s t  l e v e l ,  r o c k e t  
e n g i n e s  t o  p r o v i d e  a means o f  c o n t r o l l i n g  t h e  s p a c e -  
c r a f t  a t t i t u d e  a n d / o r  o r b i t  t h r o u g h o u t  i t s  o p e r a -  
t i o n a l  l i fe t ime becomes e s s e n t i a l .  Cold g a s  j e t s  
impose  s e v e r e  m i s s i o n  r e s t r i c t i o n s  b e c a u s e  of t h e i r  
low s p e c i f i c  i m p u l s e  and h i g h  p r e s s u r e  s t o r a g e  re- 
q u i r e m e n t s .  To improve  m i s s i o n  c a p a b i l i t y ,  c o n s i -  
d e r a b l e  e f f o r t  h a s  been d e v o t e d  t o  d e v e l o p i n g  s y s -  
tems s u c h  as i o n  a n d  c o l l o i d  e n g i n e s ,  r e s i s t a n c e  
j e t s ,  c h e m i c a l  r o c k e t s  ( b o t h  mono and b i - p r o p e l l a n t h  
s u b l i m i n g  s o l i d s ,  e t c .  One p a r t i c u l a r  t h r u s t e r ,  a 
t h e r m a l  s t o r a g e  r e s i s t a n c e  j e t ,  i s  d e s c r i b e d  i n  t h i s  
p a p e r .  

The d e s i g n  d i s c u s s e d  i n  t h i s  p a p e r  i s  f o r  a 
s i n g l e  n o z z l e  t h e r m a l  s t o r a g e  r e s i s t a n c e  j e t  
t h r u s t e r .  T h i s  u n i t  i s  r e f e r r e d  t o  as a model TSK- 
2000-1P t h r u s t e r .  I t  was d e v e l o p e d  and b u i l t  by t h e  
G e n e r a l  E l e c t r i c  Company u n d e r  c o n t r a c t  t o  Goddard 
S p a c e  F l i g h t  C e n t e r .  

F i g u r e  1 shows a s e c t i o n a l  model o f  t h e  t h e r -  
mal s t o r a g e  r e s i s t a n c e  j e t .  The e x t e r n a l  e n v e l o p e  
o f  t h e  t h r u s t e r  i s  a b o u t  2 i n c h e s  i n  d i a m e t e r  and 
5 i n c h e s  long  w i t h  a c i r c u l a r  mounting f l a n g e .  
The t h r u s t e r  package  weighs  a p p r o x i m a t e l y  1 . 7  l b s .  
The t h r u s t e r  assembly  c o n s i s t s  of  a n o z z l e  and f l o w  
a n n u l u s  t h r o u g h  which t h e  p r o p e l l a n t  p a s s e s ,  a 
c a l r o d  t y p e  h e a t e r  s u b a s s e m b l y ,  and h e a t  s h i e l d i n g  
f a b r i c a t e d  from l a y e r s  of  t h i n  m e t a l l i c  f o i l  s e p a -  
r a t e d  by minimum c o n t a c t  s u p p o r t  wires.  - 

SECTION - RESISTOJET 
FIGURE I 

C h a r a c t e r i s t i c s  of t h e  t h e r m a l  s t o r a g e  r e s i s t o -  
j e t  which make i t  a t t r a c t i v e  f o r  s t a t i o n  k e e p i n g  
and  a t t i t u d e  c o n t r o l  a r e :  

1) The d e s i g n  f l e x i b i l i t y  which a l l o w s  t h e  t r a d e  
o f f  of e l e c t r i c a l  power w i t h  p r o p e l l a n t  c o n -  
sumpt ion  

c a l  power 

ments  ( u s i n g  ammonia a s  t h e  p r o p e l l a n t ) .  

2 )  High s p e c i f i c  i m p u l s e  ( I sp )a t  low peak e l e c t r  

3 )  Low p r e s s u r e  p r o p e l l a n t  s t o r a g e  and f e e d  r e q u  

The p r i n c i p l e  of  o p e r a t i o n  of t h e  r e s i s t o j e t  

re- 

i s  t h a t  t h e  p r o p e l l a n t  i s  h e a t e d  by c o n t a c t  w i t h  a 
h o t  m e t a l l i c  s u r f a c e  o v e r  which i t  p a s s e s  i n  t h e  
t h r u s t e r  a n n u l u s .  The h e a t  a d d i t i o n  i n c r e a s e s  t h e  
s y s t e m ' s  s p e c i f i c  i m p u l s e  ( r e d u c e s  g a s  c o n s u m p t i o n ) .  
The r e s i s t a n c e  w i r e  h e a t e r  package  which i s  i n s t a l l e d  
i n  t h e  c e n t e r  of t h e  body p r o v i d e s  t h e  h e a t  s o u r c e .  
The h e a t e r  e l e m e n t  i s  d e s i g n e d  t o  r a i s e  t h e  g a s  
t e m p e r a t u r e  t o  2000°F. I t  h a s  s u f f i c i e n t  h e a t  
c a p a c i t y  t o  a l l o w  t h e  c o r e  t e m p e r a t u r e  t o  r e m a i n  
a l m o s t  c o n s t a n t  f o r  s h o r t  p r o p e l l a n t  p u l s e s .  To 
minimize  t h e  r e q u i r e d  power and m a i n t a i n  h i g h  t h e r -  
mal e f f i c i e n c y ,  t h e  t h e r m a l  s t o r a g e  r e s i s t o j e t  
employs  u n i q u e  t h e r m a l  i n s u l a t i o n  t e c h n i q u e s .  The 
d e s i g n ,  f a b r i c a t i o n  and p e r f o r m a n c e  of  t h e  r e s i s t o -  
j e t  i s  d e s c r i b e d  i n  d e t a i l  i n  s e p a r a t e  s e c t i o n s  of  

1 i 



t h i s  p a p e r .  

Ammonia g a s  was s e l e c t e d  as t h e  p r o p e l l a n t  f o r  
t h e  r e s i s t a n c e  j e t  ma in ly  b e c a u s e  o f  i t s  h i g h  t o t a l  
i m p u l s e / w e i g h t  r a t i o .  The p r o p e r t i e s  o f  ammonia 
wh ich  make i t  a t t r a c t i v e  f o r  t h i s  t y p e  o f  a p p l i c a -  
t i o n  a re :  

1) Can b e  s t o r e d  as a l i q u i d  a t  c o m p a r a t i v e l y  l o w  
p r e s s u r e s  

2 )  Has a l o w  m o l e c u l a r  we igh t  ( h i g h  I sp)  
3 ;  Dissociates  a t  t e m p e r a t u r e s  w i t h i n  t he  c a p a b i l -  

i t y  o f  t h e  r e s i s t a n c e  j e t  ( a g a i n  improv ing  Isp). 

Design and F a b r i c a t i o n  

P e r f o r m a n c e  r e q u i r e m e n t s  s e t  f o r t h  f o r  t h i s  
t h r u s t e r  d e s i g n  were s e l e c t e d  a s  t y p i c a l  f o r  p o s s -  
i b l e  s a t e l l i t e  a t t i t u d e  c o n t r o l  and s t a t i o n  k e e p i n g  
r e q u i r e m e n t s  and t o  advance  t h e  s t a t e  of t h e  a r t  i n  
r e s i s t a n c e  j e t  t e c h n o l o g y .  The d e s i g n  r e q u i r e m e n t s  
e s t a b l i s h e d  a r e  shown i n  T a b l e  1. 

T h r u s t  L e v e l  
Chamber P r e s s u r e  (Pc )  
Core T e m p e r a t u r e  ( T c )  
Power I n p u t  Max. 

P r o p e l l a n t  
Minimum A l l o w a b l e  Impu l se  B i t  
Maximum R e d u c t i o n  i n  Isp f o r  

Nozz le  Al ignmen t :  Normal t o  

(No f l o w ,  TC=200OoF) 

T h r e e  Minu te  P u l s e  

Nozz le  T h r u s t  P l a n e  t o  b e  
Held t o  W i t h i n  lo  

Weight 

0.020 l b .  
1 . 5  atm. 
2000OF 
30 w a t t s  

Gaseous Ammonia 
24 x l b - s e c  

2 0% 

1.75 Ih-. 

TABLE 1 

G u i d e l i n e s  fo l lowed  i n  t h e  mechan ica l  d e s i g n  
were s i m p l i c i t y ,  u se  o f  modular  t e c h n i q u e s ,  and 
s t r u c t u r a l  i n t e g r i t v  t h r o u g h  t h e  s e l r c t i o n  of  mater- 
i a l s  w i t h  p roven  f a b r i c a t i o n  methods.  

T h r e e  ( 3 )  Modular components Fake  up t h e  com- 
p l e t e  t h r u s t e r .  These modules  c o n s i s t  o f  a h e a t  
s h i e l d  package ,  a t h r u s t e r  body and an e l e c t r i c a l  
h e a t e r  u n i t .  F i g u r e  2 i l l u s t r a t e s  t h e  modu la r  
breakdown. 
i s  t h a t  i t  p e r m i t s  i n t e r c h a n g e a b i l i t : ,  o f  t h e  t h r e e  
p r e c i s i o n  made modules.  R e l i a b i l i t y  and i n t e g r i t y  
i s  r e t a i n e d  even  w i t h  r e p e a t e d  assernblv and d i s -  
a s s e m b l y  t h r o u g h  t h e  u s e  o f  b o l t  screw t e c h n i q u e s  
f o r  f a s t e n i n g  t o g e t h e r  t h e  modules.  

A p r ime  a d v a n t a g e  t o  t h e  modu la r  concept  

.-. 

MODULAR COMPONENTS - RESISTOJET 
FIGURE 2 

The m e r i t s  o f  u s i n g  modu la r  t e c h n i q u e s  h a s  been 
d e m o n s t r a t e d  i n  many o t h e r  t y p e s  o f  s p a c e  f l i g h t  
h a r d w a r e  and i s  a s i g n i f i c a n t  a d v a n t a g e  i n  t h e r m a l  
s t o r a g e  r e s i s t a n c e  j e t s .  

The modu la r  a p p r o a c h  a l lows  f o r  r e a d i l y  a l t e r -  
i n g  pe r fo rmance  c h a r a c t e r i s t i c s  w i t h o u t  a f f e c t i n g  
d e s i g n  i n t e r f a c e s  o r  e n v e l o p e .  T h i s  f e a t u r e  e l i m i -  
n a t e s  t h e  need f o r  major r e d e s i g n  e f f o r t  and  e x t e n -  
s i v e  r e q u a l i f i c a t i o n  programs.  When damage i s  , 
i n c u r r e d  by a t h r u s t e r ,  moreove r ,  r e p a i r  i s  accom- 
modared by s i m p l e  r e p i a c e m e n t  o f  t h e  damaged module 
and r a r e l y  would r e s u l t  i n  t o t a l  d e s t r u c t i o n  o f  a 
t h r u s t e r  . 

R e f e r r i n g  back  t o  F i g u r e  1,  t h e  s t r u c t u r a l  
d e s i g n  i s  i l l u s t r a t e d .  When t h e  modules  are  
a s s e m b l e d  t h e  u n i t ,  becomes one  i n t e g r a l  u n i t  and 
when s u b j e c t e d  t o  v i b r a t i o n a l  e n v i r o n m e n t s  a c t s  
e s s e n t i a l l y  as one  mass, h a r d  mounted a t  i t s  b a s e .  
The long  s l e n d e r  h e a t e r  e l e m e n t  when mounted i n t o  
t h e  t h r u s t e r  body i s  s u p p o r t e d  a t  b o t h  e n d s  and i s  
i n  a s t a t e  o f  a x i a l  c o m p r e s s i o n .  L i k e w i s e  t h e  
t h r u s t e r  body i s  s u p p o r t e d  i n  t h e  h e a t  s h i e l d  pack-  
a g e , a n d  t h e  t h r e e  modu les  a r e  f i x e d  t o g e t h e r  a t  t h e  
f l a n g e d  s u r f a c e s .  

The a p p r o a c h  t a k e n  w a s  somewhat c o n s e r v a t i v e .  
T h i s  i s  d e m o n s t r a t e d  by t h e  f a c t  t h a t  e a c h  m o d u l e i s  
i n d e p e n d e n t l y  c a p a b l e  o f  w i t h s t a n d i n g  s e v e r e  v i b r a -  
t i o n  l o a d s .  A d i s a d v a n t a g e  t o  t h e  s t r u c t u r a l  d e s i g n  
e s t a b l i s h e d  i s  t h a t  t h e r e  i s  a s i g n i f i c a n t  h e a t  loss  
t n  t h e  moun t ing  f l a n g e  s i n c e  t h e  h e a t e r  e l e m e n t  i s  
we lded  d i r e c t l y  t o  a f l a n g e .  Thermal  i s o l a t i o n  o f  
t h e  h e a t e r  e l e m e n t  f rom t h e  moun t ing  f l a n g e  would 
s a v e  a n  e s t i m a t e d  t e n  ( 1 0 )  w a t t s  a t  2000°F c o r e  
t e m p e r a t u r e .  Des ign  m o d i f i c a t i o n s  t o  p r o v i d e  f o r  
t h i s  s a v i n g s  a r e  d i s c u s s e d  l a t e r  i n  t h i s  p a p e r .  

A d e t a i l e d  d i s c u s s i o n  o f  t h e  d e s i g n  and f a b r i -  
c a t i o n  o f  t h e  TSK-2000-1P t h r u s t e r  i s  b e s t  accom- 
p l i s h e d  by s e p a r a t e  d e s c r i p t i o n s  of t h e  t h r e e  
modu la r  componen t s :  t h e  h e a t  s h i e l d  p a c k a g e ,  
t h r u s t e r  body,  and h e a t e r  e l e m e n t .  

The p u r p o s e  of  t h e  h e a t  s h i e l d  package  i s  t o  
m i n i m i z e  t h e  c o n d u c t i o n  and  r a d i a t i o n  h e a t  loss by 
t h e  t h r u s t e r  and  t h e r e b y  l e s s e n  t h e  power i n p u t  
r e q u i r e d  t o  m a i n t a i n  t h e  2000oF t e m p e r a t u r e  i n  t h e  
c o r e .  C o n s i d e r a b l e  work h a s  b e e n  done  t o  o p t i m i z e  
t h e  nurnbcr and t y p e  c f  s h i e l d s .  The desirable 
c h a r a c t e r i s t i c s  o f  t h e  s h i e l d i n g  mater ia l  are  l o w  
e m m i s s i v i t y ,  p o o r  h e a t  c o n d u c t i v i t y ,  l i g h t  w e i g h t ,  
n o n - r e a c t i v e  w i t h  t h e  p r o p e l l a n t  ( n o t a b l y  ammonia),  
and  a minimum of  f a b r i c a t i o n  p rob lems .  Nichrome V 
a p p e a r s  t o  be t h e  b e s t  compromise mater ia l  a t  t h i s  
t i m e .  

R e f e r e n c e  ( 1 )  p r e s e n t s  a n  a n a l y t i c a l  t e c h n i q u e  
u s e d  t o  es t imate  t h e  number o f  s h i e l d  l a y e r s  r e q u i r -  
e d  f o r  a g i v e n  o p e r a t i n g  h e a t e r  t e m p e r a t u r e .  The 
b a s i c  p r o c e d u r e  f o l l o w e d  i s  p r e s e n t e d  h e r e .  

To s i m p l i f y  t h e  a n a l y s i s  t h e  f o l l o w i n g  assump- 
t i o n s  w p r e  made: 

1 )  The e m m i s s i v i t i e s  o f  a l l  l a y e r s  o f  h e a t  s h i e l d -  
i n g  are  e q u a l  t o  a n  e f f e c t i v e  v a l u e  ( e m p i r i c a l -  
l y  d e t e r m i n e d )  

s h i e l d i n g  i s  n e a r l y  t h e  same t h r o u g h o u t  t h e  
sh i e  lcls . 

2 )  The r a t i o  o f  areas  o f  a d j a c e n t  l a y e r s  o f  h e a t  



With  t h e s e  a s s u m p t i o n s  a n  e x p r e s s i o n  f o r  t h e  
- h e a t  r a d i a t e d  from t h e  t h r u s t e r  body a t  t e m p e r a t u r e  

T i ,  w i t h  m l a y e r s  of  h e a t  s h i e l d i n g ,  to free s p a c e  
was f o u n d  to b e  

r E T I ~  C9i+(m-l)d 
q =  

m +  A l + ( m - l )  K ~ m - l ) + ( m - 2 ) +  ....+ (1)3] 
where E is d e f i n e d  as a n  e m i s s i v i t y - g e o m e t r y  
factor f o r  a n y  l a y e r  a n d  K is a n  a v e r a g e  i n c r e m e n t  
i n  s u r f a c e  area c o n s i d e r e d  t o  b e  c o n s t a n t .  

C o n d u c t i v e  h e a t  losses f rom t h e  h e a t  s h i e l d  
p a c k a g e  h a v e  b e e n  c a l c u l a t e d  b y  f i n d i n g  a n  e f f e c t -  
t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  a l a y e r  of h e a t  
s h i e l d i n g  and t h e n  c o n s i d e r i n g  m l a y e r s .  

The e x p r e s s i o n  d e r i v e d  f o r  c o n d u c t i v e  loss w a s  

where L e q u a l s  l e n g t h  o f  c y l i n d e r ,  rm e q u a l s  r a d i u s  
of mth h e a t  s h i e l d ,  ( q + l / r k )  
v a l u e  for  t h e  ra t io  of r a d i i  ?E? a d j a c e n t  h e a t  
s h i e l d  l a y e r s ,  K e q u a l s  e f f e c t i v e  t h e r m a l  conduc-  
t i v i t y  of a l a y e r  and  t h e  s u b s c r i p t s  f and  w r e f e r  
t o  the f o i l  and t h e  s p a c i n g  w i r e  r e s p e c t i v e l y .  

' e q u a l s  a v e r a g e  

Two computer  programs h a v e  been  g e n e r a t e d  t o  
s t u d y  i n  d e t a i l  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  
t h r o u g h o u t  t h e  c o m p l e t e  s y s t e m  ( n o z z l e  losses, etc.) 
i n  greater d e t a i l .  These  programs are "HERS" (Heat 
- Exchange be tween R a d i a t i o n  S h i e l d s )  which w a s  devel-  
oped a t  GSFC, and alHIS'l (Heat T r a n s f e r  i n  a n  A n t e -  
g r a t e d  S y s t e m )  which  was d e v e l o p e d  a t  G. E. "HERS" 
i s  u s e d  t o  s t u d y  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  
t h r o u g h  r a d i a t i o n  s h i e l d s  f o r  a n y  g i v e n  set o f  con- 
f i g u r a t i o n  and o p e r a t i n g  p a r a m e t e r s .  llHIS" i s  u s e d  
t o  s t u d y  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  a n d  h e a t  loss 
t h r o u g h o u t  t h e  e n t i r e  i n t e g r a t e d  sys tem.  

The h e a t  s h i e l d  package  f o r  t h i s  p a r t i c u l a r  
t h r u s t e r  is c o m p r i s e d  o f  a series of f o r t y  concen-  
t r i c  Nichrome s h e l l s ,  0.003 i n c h e s  t h i c k ,  s e p a r a t e d  
by 0.014 i n c h  d i a m e t e r  Nichrome w i r e .  The s h e l l s  
are c o n t a i n e d  w i t h i n  a 0.020 i n c h  t h i c k  c y l i n d r i c a l  
s t a i n l e s s  steel o u t e r  s h e l l  which  is welded  to a 
f l a n g e d  s u r f a c e .  

F a b r i c a t i o n  of t h e  h e a t  s h i e l d  package  is  
a c c o m p l i s h e d  t h r o u g h  t h e  u s e  o f  a series o f  
Aluminum m a n d r e l s  v a r y i n g  i n  r a d i u s  by 0.020 i n c h e s ,  
s u c c e s s i v e l y .  Nichrome f o i l  0.003 i n c h e s  t h i c k  is 
c u t  t o  t h e  p r o p e r  d i m e n s i o n s ,  wrapped a r o u n d  a g iven  
m a n d r e l  and  t a c k  w e l d e d  a l o n g  i t s  seam t o  form a 
c y l i n d r i c a l  s h e l l .  Nichrome w i r e  0 .014 i n c h e s  i n  
d i a m e t e r  is t h e n  wrapped a r o u n d  t h e  s h e l l  and t a c k  
w e l d e d  to  p r o v i d e  f o r  s p a c i n g  be tween s h e l l s .  The 
s h e l l  i s  s l i d  o f f  t h e  mandre l  u n t i l  o n e  e n d  i s  f l u s h  
w i t h  a n  end  s u r f a c e  o f  t h e  m a n d r e l .  A 0.003 i n c h  
Nichrome c i r c u l a r  w a s h e r - s h a p e d  end  p i e c e  w i t h  a 
p r e - c u t  c e n t e r  h o l e  i s  t a c k  welded  a l o n g  i t s  p e r i p h -  
e r y  t o  t h e  s h e l l .  The Nichrome c y l i n d r i c a l  s h e l l ,  
open  a t  o n e  e n d ,  is t h e n  removed from t h e  mandre l  
and  f i t t e d  o v e r  t h e  p r e v i o u s l y  made smaller s h e l l .  
A s e c o n d  p r e - c u t  e n d  p i e c e  i s  t a c k  welded t o  t h e  
o p e n  end .  This p r o c e d u r e  i s  c o n t i n u e d  u n t i l  t h e  
r e q u i r e d  number o f  l a y e r s  is assembled .  The Nich-  
rome s h i e l d s  f i t t e d  i n t o  t h e  s t a i n l e s s  s teel  h o u s -  
i n g  make u p  t h e  h e a t  s h i e l d  module.  

A p r i m a r y  problem a s s o c i a t e d  w i t h  t h e  h e a t  
s h i e l d  package  w a s  a c h i e v i n g  r o u n d n e s s  o f  t h e  s h e l l s  
P r i o r  to  t h e  modu la r  a p p r o a c h ,  s h e l l s  were b u i l t  up 
l a y e r  by l a y e r  on  t h e  t h r u s t e r  body w i t h o u t  t h e  u s e  
o f  Aluminum m a n d r e l s .  The r e s u l t i n g  c o n f i g u r a t i o n s  
w e r e  somewhat less t h a n  round.  I n t r o d u c t i o n  o f  t h e  
m a n d r e l  t e c h n i q u e  e s s e n t i a l l y  e l i m i n a t e d  t h i s  p r o -  
blem a n d  t h e  p e r f o r m a n c e  w i t h  t h e  Nichrome s h e l l s  
h a s  s i n c e  been r e p e a t a b l e .  

The f i n a l  s e l e c t i o n  o f  Nichrome as t h e  material 
t o  u s e  was b a s e d  on p e r f o r m a n c e  and  f a b r i c a t i o n  
r e p e a t a b i l i t y .  The e m i s s i v i t y  o f  Nichrome v a r i e s  
f r o m  0 . 2  t o  0.6 d e p e n d i n g  upon t h e  d e g r e e  of  o x i d a -  
t i o n  and  i t s  t h e r m a l  c o n d u c t i v i t y  i s  a p p r o x i m a t e l y  
16 BTLVhr-ft-OR a t  2300OR. 
e m i s s i v i t y  of  less t h a n  0.1 and would b e  s u p e r i o r  t o  
t h e  Nichrome. T h i s  was d e m o n s t r a t e d  i n  a l a b o r a t o r y  
model  package ,  b u t  f a b r i c a t i o n  problems and l a c k  o f  
c o n s i s t e n t  p e r f o r m a n c e  e l i m i n a t e d  Molybdenum f rom 
c o n s i d e r a t i o n ,  a t  least f o r  t h e  p r e s e n t .  

Molybdenum h a s  a n  

The h e a t e r  module c o n s i s t s  o f  a s t a n d a r d  
c a l r o d - t y p c  swaged h e a t e r  w i t h  a c i r c u l a r  s t a i n l e s s  
s teel  f l a n g e  welded t o  i t s  b a s e .  The h e a t e r  i s  
3.090 i n c h e s  i n  l e n g t h  w i t h  a 0.375 i n c h  d i a m e t e r .  
The act ive l e n g t h  i s  1.60 i n c h e s .  The h e a t e r  i s  
c o n s t r u c t e d  b y  w r a p p i n g  a 0.010 i n c h  d i a m e t e r  
P l a t i n u m  f i l a m e n t  on  a Magnes i a  core, f i t t i n g  t h i s  
i n t o  a H a s t e l l o y  X s h e a t h  and  p n e u m a t i c a l l y  i m p a c t -  
i n g  Boron N i t r i d e  i n  t h e  free s p a c e  be tween t h e  c o r e  
and  s h e a t h .  Nominal d e s i g n  r e q u i r e m e n t s  are  t h a t  
15 v o l t s  d c  and 2 amps (30 wat ts)  s h o u l d  p r o d u c e  a 
core t e m p e r a t u r e  o f  20000F. To s e n s e  t h i s  tempera-  
t u r e  a c h r o m e l - a l u m e l  t h e r m o c o u p l e  i s  b u i l t  i n t o  t h e  
h e a t e r  u n i t  a l o n g  t h e  c e n t e r l i n e  of t h e  Magnesia  
core and l o c a t e d  a t  t h e  f r o n t  ( n o z z l e )  end .  T h i s  
h e a t e r  d e s i g n  p r o v i d e s  f o r  a AT o f  less t h a n  100°F 
f rom h e a t e r  c e n t e r l i n e  t o  t h e  o u t s i d e  w a l l  o f  t h e  
H a s t e l l o y  X s h e a t h  (ear l ier  d e s i g n s  had t e m p e r a t u r e  
d r o p s  i n  e x c e s s  o f  2000F).  The h e a t e r s  are i n t e n d e d  
t o  p r o v i d e  10,000 h o u r s  s t e a d y  state l i f e  a t  2000OF 
and 500 c y c l e s  f rom ambient  t o  2000OF. The s t e a d y  
s ta te  l i f e  r e q u i r e m e n t  h a s  been shown p r a c t i c a l  
w i t h  tests i n  e x c e s s  o f  6500 h o u r s ,  b u t  t h e  c y c l i c  
c a p a b i l i t y  i s  u n s a t i s f a c t o r y .  A change  i n  t h e  f i l a -  
ment  mater ia l  i n t r o d u c e d  by G e n e r a l  E lec t r ic  shows 
g r e a t  p r o m i s e  of  m e e t i n g  t h e  c y c l i c  r e q u i r e m e n t .  

t 
The t h r u s t e r  body module c o n t a i n s  a s o n i c  noz- 

z l e  and p r o v i d e s  t h e  f l o w  p a t h  a r o u n d  t h e  h e a t e r  
module.  The p h y s i c a l  d i m e n s i o n s  o f  t h i s  body are  
.475  i n c h  d i a m e t e r  by 2.900 i n c h e s  l e n g t h .  T h i s  
l e n g t h  i s  n o t  d e t e r m i n e d  by t h e  l e n g t h  r e q u i r e d  
t o  h e a t  t h e  ammonia g a s  t o  o p e r a t i n g  t e m p e r a t u r e ,  
b u t  r a t h e r  by t h e  l e n g t h  r e q u i r e d  f o r  t h e  h e a t e r  
w i r e  t o  p e r m i t  o p e r a t i o n  w i t h i n  s p e c i f i e d  c u r r e n t  
l e v e l s .  The l e n g t h  of  t h e  a c t i v e  f l o w  p a t h  h a s  been  
e s t i m a t e d ,  however ,  t o  b e  g r e a t e r  t h a n  t e n  (10) 
times t h a t  r e q u i r e d  t o  b r i n g  t h e  gas u p  t o  an  o p e r -  
a t i n g  t e m p e r a t u r e  o f  2000OF. The n o z z l e  u s e d  f o r  
t h e  TSK-2000-LP t h r u s t e r  h a s  a t h r o a t  d i a m e t e r  of  
0 .027 i n c h e s  w i t h  a n  e x p a n s i o n  r a t i o  o f  20 t o  1. 
The d e s i g n  of  t h i s  n o z z l e  i s  o b t a i n e d  f rom a G e n e r a l  
E l e c t r i c  computer  program e n t i t l e d  "Boundary Layer  
Program". 
l i b r i u m  f l o w  u p  to  t h e  n o z z l e  t h r o a t  and f r o z e n  f low 
t h e r e a f t e r .  

T h i s  program assumes  thermodynamic e q u i -  

The t h r u s t e r  body and  t h e  n o z z l e  a re  f a b r i c a t e d  
f r o m  H a s t e l l o y  X and t h e  n o z z l e  i s  welded t o  t h e  
body.  H a s t e l l o y  X was s e l e c t e d  f o r  i t s  t e m p e r a t u r e  
p r o p e r t i e s  and b e c a u s e  i t  ac ts  as a c a t a l y s t  promot-  
i n g  ammonia d e c o m p o s i t i o n  a t  h i g h  t e m p e r a t u r e s .  The 



- 
c o n t o u r  e s t a b l i s h e d  by t h e  compute r  program i s  n o t  
c o n i c a l ,  i t  i s  s u f f i c i e n t l y  c lose t h a t  i t  becomes 
i m p r a c t i c a l  t o  u s e  a n y t h i n g  b u t  t h e  c o n i c a l  shape .  

To c o m p l e t e  t h e  t h r u s t e r  body module a s s e m b l y  
a n d  e s t a b l i s h  p r o p e r  a l i g n m e n t ,  t h e  f o l l o w i n g  p r o -  
c e d u r e  i s  u s e d .  F i r s t  a h e a t e r  module i s  i n s e r t e d  
i n t o  t h e  t h r u s t e r  s h e l l - n o z z l e  a r r a n g e m e n t .  Then 
a f l a n g e  i s  f i t t e d  over t h e  c y l i n d r i c a l  body and  
b o l t e d  t o  t h e  h e a t e r  module f l a n g e .  The a l i g n m e n t  
i s  e s t a b l i s h e d ,  and t h e  s t a i n l e s s  s teel  f l a n g e  i s  
we lded  t o  t h e  t h r u s t e r  body. P e r p e n d i c u l a r i t y  
be tween  n o z z l e  a x i s  and  moun t ing  f l a n g e  s u r f a c e  
h a v e  been  m a i n t a i n e d  t o  less t h a n  5 d e g r e e .  

When t h e  h e a t e r  module i s  j o i n e d  t o g e t h e r  w i t h  
t h e  t h r u s t e r  body,  t h e  f l o w  p a t h  i s  formed s u c h  
t h a t  t h e  h e a t e r  s h e a t h  i s  t h e  i n n e r  w a l l  o f  t h e  
a n n u l u s  and t h e  t h r u s t e r  body t h e  o u t e r  w a l l .  The 
p r o p e l l a n t  e n t e r s  t h e  t h r u s t e r  a s sembly  t h r o u g h  
t h e  h e a t e r  module f l a n g e ,  and f lows  be tween  t h e  
h e a t e r  and t h r u s t e r  body module f l a n g e s  t o  t h e  
i n t e r n a l  a n n u l u s .  A c o n v e n t i o n a l  s i l i c o n e  r u b b e r  
"0" r i n g  i s  u s e d  t o  p r o v i d e  a sea l  be tween  t h e s e  
t w o  f l a n g e s .  No prob lems  h a v e  been  e n c o u n t e r e d  
f rom u s i n g  t h e  "0" r i n g  seal e i t h e r  by ammonia 
a t t a c k  o r  f rom h i g h  t e m p e r a t u r e .  The t e m p e r a t u r e  
a t  t h e  sea l  i s  a p p r o x i m a t e l y  400°F. 

P e r f o r m a n c e  

A c o n s i d e r a b l e  amount o f  t e s t  d a t a  h a s  been  
g e n e r a t e d  d u r i n g  t h e  deve lopmen t  o f  t h e  t h e r m a l  
s t o r a g e  res i s to je t  b o t h  a t  G e n e r a l  E l e c t r i c  and a t  
Goddard Space  F l i g h t  C e n t e r .  The d-ata p r e s e n t e d  
h e r e  i n c l u d e s  t h a t  o b t a i n e d  d u r i n g  t h e  p r o t o t y p e  
q u a l i f i c a t i o n  tes t  program a t  Goddard Space  F l i g h t  
C e n t e r .  Data from a d d i t i o n a l  t e s t i n g  o n  t h e  q u a l -  
i f i e d  u n i t  i s  a l s o  i n c l u d e d .  

T e s t s  a re  r u n  i n  a 4 f t .  by 5 f t .  t h e r m a l -  
The chamber  i s  e q u i p p e d  w i t h  a vacuum chamber.  

3 2 - i n c h  d i a m e t e r  d i f f u s i o n  pump and  l i q u i d  n i t r o g e n  
t r a p .  
T o r r .  F i g u r e  3 shows s c h e m a t i c a l l y  t h e  i n s t r u m e n t a -  
t i o n  and t es t  equipment  u s e d  i n  t h e  t e s t  program. 
F i g u r e  4 shows t h e  t h r u s t e r  mounted i n  t h e  t e s t  
chamber.  Pe r fo rmance  p r o p e r t i e s  are d e t e r m i n e d  by 
d i r e c t  measurements  o f  t h r u s t ,  t h r u s t  chamber  p r e s -  
s u r e ,  h e a t e r  and t h r u s t e r  body t e m p e r a t u r e s .  P r o -  
p e l l a n t  f l o w  rate i s  c a l c u l a t e d  u s i n g  t h e  p r e s s u r e  
d r o p  across a c a l i b r a t e d  o r i f i c e .  

I t s  vacuum c a p a b i l i t y  i s  a p p r o x i m a t e l y  10-7 
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The t h r u s t  i s  measured by a R e p u b l i c  A v i a t i o n  
C o r p o r a t i o n  t h r u s t  s t a n d  sys t em.  T h i s  s y s t e m  u s e s  
a c a p a c i t i v e  t r a n s u d c e r  i n  a n  RC b r i d g e  s y s t e m  t o  
measu re  t h e  t h r u s t  l o a d  c a u s i n g  a d e f l e c t i o n  o f  a 
c a l i b r a t e d  d i aphragm s p r i n g .  The r a n g e  o f  measu r -  
a b l e  t h r u s t  i s  5 x 10-3 pound t o  4.5 x 10-1 pound 
w i t h  a b a s i c  r e s o l u t i o n  o f  1 x pounds.  The 
t r a n s d u c e r s  u s e d  t o  measu re  t e m p e r a t u r e ,  p r e s s u r e ,  
e t c . ,  a r e  shown i n  F i g u r e  3. 

F i g u r e  3 shows a n  o r i f i c e  i n  t h e  f l o w  l i n e  
be tween  t h e  s o l e n o i d  v a l v e  and t h e  t h r u s t e r .  With 
t h e  o r i f i c e  i n  t h e  l i n e  a c o n s t a n t  mass f l o w  t o  t h e  
t h r u s t e r  i s  m a i n t a i n e d .  T e s t s  h a v e  a l s o  been  r u n  
w i t h o u t  t h e  o r i f i c e  i n  a n  a t t e m p t  t o  s i m u l a t e  c o n -  
s t a n t  chamber  p r e s - s u r e  pe r fo rmance .  T h i s  t y p e  o f  
t e s t  , . ,however,  r e q u i r e s  t h a t  t h e  u p s t r e a m  p r e s s u r e  
r e g u l a t o r  b e  m a n u a l l y  a d j u s t e d  c o n t i n u o u s l y .  

The p r o t o t y p e  q u a l i f i c a t i o n  t e s t s  were i n t e n d e d  
t o  s e r v e  as  a b a s i s  f o r  d e t e r m i n i n g  t h r u s t e r  r e l i -  
a b i l i t y  and  a c c e p t i b i l i t y  f o r  s p a c e c r a f t  a p p l i c a -  
t i o n s  as  w e l l  a s  t o  p r o v i d e  a measu re  o f  t h r u s t e r  
p e r f o r m a n c e  c h a r a c t e r i s t i c s .  The t h r u s t e r  was s u b -  
j e c t e d  t o  t w o  a x e s  s i n u s o i d a l  v i b r a t i o n  o f  l o g  
a m p l i t u d e  w i t h  a f r e q u e n c y  r a n g e  o f  5-2000 c p s ,  t w o  
a x e s  random v i b r a t i o n  o f  20 g r m s  w i t h  a s p e c t r a l  
d e n s i t y  o f  0 . 2  g 2 / c p s  and  a f r e q u e n c y  r a n g e  o f  20-  
2000 c p s  and t w o  a x e s  a c c e l e r a t i o n  o f  30 g ' s .  No 
f a i l u r e s  o r  s i g n i f i c a n t  c h a n g e s  i n  t h r u s t e r  p e r -  
f o r m a n c e  were e n c o u n t e r e d .  

Thermal  vacuum t e s t s  were r u n  w i t h  t h e  t h r u s t e r  
mounted i n  t h e  aluminum v i b r a t i o n  f i x t u r e  by b o l t i n g  
a c o p p e r  p l a t e  e q u i p p e d  w i t h  a h e a t i n g  and c o o l i n g  
c o i l  t o  t h e  b o t t o m  o f  t h e  f i x t u r e .  T h r u s t e r  p e r -  
f o r m a n c e  was e v a l u a t e d  w i t h  t h e  moun t ing  f i x t u r e  a t  
2OoC, 6OoC and - 1 O O C .  Thermal  vacuum t e s t  r e s u l t s  
were a s  e x p e c t e d ;  i . e . ,  t h e  t h r u s t e r  c o r e  t e m p e r a -  
t u r e  i n c r e a s e d  when t h e  c o p p e r  p l a t e  was h e a t e d  
a n d  d e c r e a s e d  when t h e  c o p p e r  p l a t e  was c o o l e d .  

D u r i n g  t h e  p e r i o d  i n  which t h e  t h e r m a l  vacuum 
t e s t  w a s  r u n ,  i t  was f o u n d  t h a t  t h e  core t empera -  
t u r e  a t  30 w a t t s  was a b o u t  50°F less  t h a n  i t  had 
p r e v i o u s l y  been .  The mid case t e m p e r a t u r e  on t h e  
o u t s i d e  of t h e  t h e r m a l  s h i e l d  a s s e m b l y  was a b o u t  
140F  h i g h e r ,  
as  t o  w h e t h e r  Some d e t e r i o r a t i o n  o f  t h e  i n s u l a t i n g  
e f f i c i e n c y  of t h e  t h e r m a l  s h i e l d i n g  o c c u r r e d  w i t h  

No c l e a r  c o n c l u s i o n  h a s  b e e n  r e a c h e d  



- 

t i m e  or p o s s i b l y  some damage was done  t o  t h e  u n i t  
d u r i n g  i n s t a l l a t i o n .  

Dur ing  t e s t i n g ,  due t o  problems p r e v i o u s l y  
e n c o u n t e r e d  w i t h  t h e  t h r u s t e r  h e a t e r s ,  a number o f  
p r e c a u t i o n s  were t a k e n  t o  e x t e n d  t h e  l i f e  o f  t h e  
h e a t e r  e l e m e n t .  T h e s e  w e r e  t h e  f o l l o w i n g :  

1) 
2 )  The c u r r e n t  w a s  l i m i t e d  to  a maximum of  2.2 amps 

$ 3 )  

The power w a s  l i m i t e d  t o  a maximum o f  30 w a t t s  

The power w a s  l i m i t e d  t o  5 watts f o r  t h e  f i r s t  
h o u r  when h e a t i n g  t h e  resistojet  f r o m  a m b i e n t  
t e m p e r a t u r e  . 

' No Flow Thermal  C h a r a c t e r i s t i c s  T e s t s  

The resistojet  u s e d  i n  t h e  tes t  program was 
d e s i g n e d  t o  p r o v i d e  20  m i l l i p o u n d s  (mlb)  of t h r u s t  
a t  22  p s i a  chamber  p r e s s u r e .  The i n i t i a l  h e a t  u p  
o f  t h e  p r o t o t y p e  r e s u l t e d  i n  a core t e m p e r a t u r e  
o f  18400F w i t h  a power i n p u t  of 30 wat ts :  1.9 amps 
a n d  15.8 v o l t s .  A s  p r e v i o u s l y  s p e c i f i e d ,  o n l y  5 
w a t t s  were p u t  i n t o  t h e  t h r u s t e r  for t h e  f i r s t  h o u r .  
T h i s  g a v e  a core t e m p e r a t u r e  o f  a p p r o x i m a t e l y  500°F. 
An d d i t i o n a l  4 h o u r s  of h e a t i n g  a t  30 watts of 
p-er wss r e q i i i i e d  to r e a c h  a s t a b i l i z e d  tempera-  
t u r e ,  b u t  99% of t h e  t e m p e r a t u r e  change  i s  r e a c h e d  
i n  3 a d d i t i o n a l  h o u r s .  F i g u r e  5 shows t h e  r e l a t i o n -  
s h i p  be tween t e m p e r a t u r e  and time d u r i n g  h e a t  up. I f  
t h i s  p a r t i c u l a r  u n i t  were t o  b e  u s e d  f o r  f l i g h t  
a p p l i c a t i o n ,  power u s a g e  c o n s i d e r a t i o n s  would p r o -  
b a b l y  d i c t a t e  t h a t  t h e  t h r u s t e r  b e  f i r e d  p r i o r  t o  
r e a c h i n g  a s t a b i l i z e d  t e m p e r a t u r e .  F i g u r e  5 shows, 
f o r  example ,  t h a t  i t  t a k e s  o n e  a d d i t i o n a l  h o u r  t o  
h e a t  f rom 500°F t o  1640°F, b u t  t h r e e  more h o u r s  are 
r e q u i r e d  t o  go f rom 1640°F to  184O0F. 
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CORE TEMPERATURE vs TIME DURING HEAT-UP 
FIGURE 5 

A test  w a s  r u n  t o  d e t e r m i n e  t h e  s t a b i l i z e d  
r e s i s to j e t  core t e m p e r a t u r e  as a f u n c t i o n  of  power 
i n p u t .  F o r  t h i s  t e s t ,  t h e  power was s t e p p e d  u p  i n  
i n c r e m e n t s .  The t h r u s t e r  t e m p e r a t u r e  w a s  p e r m i t t e d  
t o  s t a b i l i z e  a n d  t h e l a m p e r a g e  and v o l t a g e  w e r e  r e -  
c o r d e d .  The p a r t i c u l a r  t h r u s t e r  u s e d  i n  t h e s e  t e s t s  
d i d  n o t  h a v e  as good a t h e r m a l  s t o r a g e  e f f i c i e n c y  as  
t w o  p r e v i o u s  t h r u s t e r s .  T h i s  i s  shown i n  F i g u r e  6 
w h e r e  t h i s  t h r u s t e r  i s  compared t o  t h e  t w o  p r e v i o u s  
u n i t s  ( S e r i a l  Nos. 0 & 1). T e s t i n g  was c o n t i n u e d  
w i t h  t h e  knowledge  t h a t  t h i s  u n i t  would g i v e  power 
r e q u i r e m e n t s  s l i g h t l y  h i g h e r  t h a n  might  b e  r ea l i s -  
t i c a l l y  a c h i e v e d  w i t h o u t  a n y  d e s i g n  c h a n g e s .  
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POWER H TEMPERATURE 
FIGURE 6 

With t h e  t h r u s t e r  core a t  a s t a b i l i z e d  t e m p e r a -  
t u r e  o f  1840°F, t h e  power was s h u t  o f f  t o  d e t e r m i n e  
t h e  cool-down time o f  t h e  t h r u s t e r .  T h i s  tes t  g i v e s  
a n  i n d i c a t i o n  of t h e  t h e r m a l  s t o r a g e  c a p a b i l i t y  of 
t h e  t h r u s t e r .  F i g u r e  7 shows t h e  t e m p e r a t u r e  d r o p  
as a f u n c t i o n  of t i m e .  E i g h t  h o u r s  were r e q u i r e d  
t o  r e a c h  a s t e a d y  d r o p  ra te  of 50F/hour ,  b u t  90% of 
t h e  t e m p e r a t u r e  locs  tack p l a c e  i n  t h e  i i r s t  2 hours. 
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TEMPERATURE VS TIME COOCDOWN TEST 
FIGURE 7 

The h e a t e r  e l ec t r i ca l  r e s i s t a n c e  i s  a pr ime 
c o n s i d e r a t i o n  i n  t h e  d e s i g n  of  power c o n d i t i o n i n g  
f o r  f l i g h t  a p p l i c a t i o n s  o f  t h e  r e s i s t o j e t .  Measure- 
m e n t s  were made b o t h  b e f o r e  and a f t e r  v i b r a t i o n s ,  
a f t e r  a c c e l e r a t i o n  and a f t e r  t h e r m a l  vacuum. F i g -  
u r e  8 shows h e a t e r  r e s i s t a n c e  as  a f u n c t i o n  of  c o r e  
t e m p e r a t u r e  . 
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FIGURE 8 



C o n s t a n t  P r o p e l l a n t  Flow T e s t s  

A c o n t i n u o u s  f l o w  t e s t  w a s  r u n  f o r  a p p r o x i -  
m a t e l y  f o u r  h o u r s  a t  a c o n s t a n t  mass f l o w  of 9 . 2  x 
10-5 l b s / sec .  
t h r u s t ,  chamber  p r e s s u r e  a n d  s p e c i f i c  i m p u l s e  res -  
p e c t i v e l y  w e r e  30 w a t t s ,  1837OF, 21 .1  m i l l i p o u n d s ,  
2 2 . 7 5  p s i a ,  a n d  230 s e c o n d s .  Af t e r  t h e  f i r s t  4 
m i n u t e s  of t h e  r u n ,  t h e  c u r r e n t  r e a c h e d  2 . 2  amps 
( d u e  t o  t h e  t e m p e r a t u r e  d e c a y )  and  power had  t o  b e  
c o n t i n u o u s l y  dropped  t o  a v o i d  e x c e e d i n g  2 . 2  amps. 
A t  t h e  end  of 4 h o u r s ,  t h e  core t e m p e r a t u r e  had 
r e a c h e d  e q u i l i b r i u m  ( d r o p p i n g  less t h a n  5OF/hour)  
a t  510°F w i t h  21.7 w a t t s  i n p u t .  A f t e r  a l i t t l e  
more t h a n  3 m i n u t e s ,  t h e  t e m p e r a t u r e  h a d  dropped  
f rom 18370F t o  1276’F. T h r u s t  r e a d i n g s  were i n -  
a c c u r a t e  d u e  t o  t h e  l a r g e  t h e r m a l  d r i f t .  A t h r u s t  
d e c a y  w i t h  t e m p e r a t u r e  d r o p  was e x p e c t e d  s i n c e  t h e  
mass f l o w  was h e l d  c o n s t a n t .  F i g u r e  9 shows t h e  
t e m p e r a t u r e  a n d  power measurements  o b t a i n e d  d u r i n g  
t h i s  t e s t .  

The i n i t i a l  power, core t e m p e r a t u r e ,  

2000 , zw I 
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FIGURE 9 a ICONTINUED ON FIGURE q b 1  

SPECIFIC IMPULSE v s  TEMPERATURE 
FIGURE IO 

Here i t  i s  a p p r o p r i a t e  t o  p o i n t  o u t  t h e  i n t e r  
r e l a t i o n s h i p  of I sp ,  t e m p e r a t u r e ,  ammonia decompo: 
t i o n  and c o n d i t i o n  of  t h e  f l o w  s u r f a c e .  Thr  t e s t  
t h r u s t e r  a p p e a r e d  t o  b e  new (as f n b r i c a t P d  w i t h o u t  
o x i d a t i o n )  when i t  w a s  r e c e i v e d .  S e r i a l  No. 1 
t h r u s t e r  ( a  u n i t  which  i n c u r r e d  a t.herrnn1 s h i e l d -  
i n g  f a i l u r e  d u r i n g  v i b r a t i o n s )  had  been  t c s t e d  b e -  
f o r e  i t  w a s  r e c e i v e d  ant1 appc;irc’d t~ bc, o x i d i z e d  i 
t h e  n o z z l e  cone. F i g u r e  11 shows t h e  1 VS. temp 
e r a t u r e  c h a r a c t e r i s t i c s  o f  tliis u n i t .  %e i n i t i a l  
h e a t  u p  had a d e f i n i t c  h r p a k  i n  tlir c u r v e  i n d i c a t i  
t h a t  decomposi t i o n  had o c c u r ~ - t ~ d .  Sut>scquc’nt h e a t -  
i n g s  g a v e  h i g h e r  I s p  v a l u c s  a t  cwip . i rab1c~ tclrnpera- 
t u r e s  be low t h e  i n i t i a l  brat u p  r l c ~ c o i n p o s i t  i o n  tcmp 
e r a t u r e .  T h i s  appcxnrs t o  i n d i r a t r .  t l i n t  the, hydro- 
g e n  i n  the  d i s s o c i a t e d  i i n r m n n i n  K A S  ri3ducp.d tlie ()xi( 
on t h e  f l o w  surfaces. I t  a l s o  in(1ic;i t t .s  t I i H t  s o m e  
t e c h n i q u e  t o  enhanc; c a t a l v t i c  , i c t i o n  i s  ~ I P s i r a l i I e .  
T h i s  i s  d i s c u s s e d  l n t c r  i n  th(. p a p c r .  

400, 

I 

SPECIFIC IMPULSE vs TEMPERATURE SERIAL NO I 
FIGURE I I 

TEMPERATURE vs TIME BASELINE FULL FLOW TEST 
FIGURE 9 b icoNTiNufD rnou 9 . 1  

n t t i t u d r  c o n t r o l  r r c l r \ i r c ~ m c n t ~ .  h pulse, inotle o f  5 
s e c o n d s  on and 50 s e c o n d s  o f t  w a s  run  f o r  5 rrrlnutcs.  
The i n i t i a l  t h r u s t  IJRs 20 m i l l i p o u n t l s  a t  30 
of  power w i t h  a n  i n l t i , l l  c h a m b r r  p r e s s u r e  of 22.5 
p s i a .  The ammonia f l o w  r a t e  W A S  h e l d  c o n s t a n t  a t  

T h r u s t  measurements were made fo r  short pu lses  
a t  v a r i o u s  s t a b i l i z e d  core t e m p e r a t u r e s  t o  d e t e r m i n e  
t h e  s p e c i f i c  i m p u l s e  as a f u n c t i o n  of  t e m p e r a t u r e .  
T h i s  r e l a t i o n s h i p  i s  shown i n  F i g u r e  10. 

8 . 9  x 10-5 pounds  p e r  s e c o n d .  T a b l e  2 shows t h e  
p e r f o r m a n c e  p a r a m e t e r s  measured  d u r i n g  t h e  t e s t .  



TABLE 2 PULSE MODE TESTS 

(50 Sec .  On - 50 Sec .  O f f  a t  Approximate ly  30 Watts Heater Power f o r  5 M i n u t e s )  

P u l s e  
Number 

*1 
2 
3 
4 
5 

**6 

Chamber P r e s s u r e  T h r u s t  M L B  Flow lb./sec. x I s p  
P s i a  - 

22.0 
21 .5  
21.25 
21  .o 
20.75 
20 .5  

19 .5  
19.2 
18.9 
18.6 
18.1 
17 .8  

9 . 1  
9 . 1  
9 . 1  
9 . 1  
9 . 1  
9 . 1  

* Tempera ture  a t  B e g i n n i n g  o f  T e s t  w a s  1828OF. 

** T e m p e r a t u r e  a t  Comple t ion  o f  T e s t  was 1725OF. 

C o n s t a n t  Power and C o n s t a n t  Chamber P r e s s u r e  Tests 

A s  was e x p e c t e d ,  t h e  c o n s t a n t  mass f l o w  
showed a d e c r e a s e  i n  t h r u s t  as t h e  o p e r a t i n g  temp- 
e r a t u r e  d r o p p e d .  F o r  s p a c e c r a f t  a p p l i c a t i o n ,  i n  
o r d e r  t o  a v o i d  t h e  complex a t t i t u d e  c o n t r o l  l o g i c  
r e q u i r e d  by a v a r i a b l e  t h r u s t ,  i t  i s  a n t i c i p a t e d  
t h a t  c o n s t a n t  chamber  p r e s s u r e  2nd p e r h a p s  c o n s t a n t  
power o p e r a t i o n  w i l l  b e  n e c e s s a r y .  Even w i t h  con-  
s t a n t  p r e s s u r e  a n d  power,  some v a r i a t i o n  i n  t h r u s t  
would be e x p e c t e d  w i t h  t e m p e r a t u r e  d e c a y .  

A series o f  p u l s e  mode t e s t s  w a s  r u n  t o  e v a l -  
u a t e  t h e  r e s i s t o j e t  p e r f o r m a n c e  a t  a c o n s t a n t  ,- 
t h r u s t e r  chamber  p r e s s u r e  and  c o n s t a n t  power t o  t h e  
h e a t e r .  A c o n t i n u o u s  p r i n t o u t  of t h r u s t  and c o r e  
t e m p e r a t u r e  v e r s u s  time was made f o r  e a c h  t e s t  r u n  
c o n s i s t i n g  o f  25-50  c y c l e s .  

F i g u r e  12 shows t h e  s c h e m a t i c  s e t u p  f o r  t h i s  
p a r t i c u l a r  t es t .  The s o n i c  o r i f i c e  u s e d  i n  t h e  
c o n s t a n t  mass f l o w  t e s t s  was removed f rom t h e  f l o w  
l i n e .  A power c o n d i t i o n e r ,  o p e r a t i n g  o n  t h e  Hal l  
E f f e c t  p r i n c i p l e ,  was i n c o r p o r a t e d  t o  r e g u l a t e  
t h e  power t o  30 0.1 watts.  T h i s  power c o n d i t i o n -  
e r  was d e v e l o p e d  u n d e r  c o n t r a c t  f o r  GSFC. The 
chamber  p r e s s u r e  was m a n u a l l y  r e g u l a t e d  o u t s i d e  of  
t h e  vacuum chamber t o  m a i n t a i n ,  as  n e a r  as  p o s s -  
i b l e ,  a c o n s t a n t  chamber  p r e s s u r e .  A p u l s e  timer 
was u s e d  t o  a c t u a t e  t h e  f l o w  c o n t r o l  s o l e n o i d  valve.  

TEST SCHEMATIC PULSE MODE TEST 
CONSTANT POWER a CHAMBER PRESSURE 

FIGURE 12 

D u r i n g  t h e  t es t s ,  h e a t e r  t e m p e r a t u r e  d r o p s  as 
h i g h  as  930°F were e x p e r i e n c e d .  
t u r e  r a n g e  c a u s e d  t h e  t h r u s t  b a l a n c e  o u t p u t  and 

T h i s  wide  t e m p e r a -  

215 
211 
208 
204 
199 
196 

o t h e r  a n a l o g  r e a d i n g s  t o  d r i f t .  When t h e r e  was 
s u f f i c i e n t  o f f  t i m e  between p u l s e s ,  t h e  t h r u s t  
b a l a n c e  z e r o  w a s  a d j u s t e d  t o  compensa te  f o r  t h e  
d r i f t .  The d a t a  c o l l e c t e d  from t h i s  t e s t  s e r i e s  
i s  summarized i n  T a b l e  3 .  The f i r s t  t w o  t e s t s  d i d  
n o t  h a v e  s u f f i c i e n t  t i m e  between p u l s e s  t o  e n a b l e  
t h e  t h r u s t  b a l a n c e  o p e r a t o r  t o  I d j u s t  t h e  z e r o .  "ne 
large c h a n g e s  i n  t h r u s t  measured f o r  t h e s e  t w o  t e s t s  
c a n  b e  a t t r i b u t e d  a t  least i n  p a r t  t o  t h e r m a l  d r i f t  
s i n c e  l a t e r  t e s t s ,  i n  which t h e r e  was a l a r g e r  d r o p  
i n  t e m p e r a t u r e ,  showed less change  i n  t h r u s t .  A 
f u r t h e r  i n d i c a t i o n  t h a t  t h e r m a l  d r i f t  o f  t h e  t h r u s t  
b a l a n c e  z e r o  c a u s e s  an  e r r o r  i n  r e a d i n g s  was found 
i n  t h e  30 s e c o n d s  on  - 170 s e c o n d s  o f f  t e s t .  Here 
t h e  f i r s t  s e v e n  p u l s e s  gave  t h r u s t  r e a d i n g s  o f  22 .3  
mlb o r  b e t t e r .  A f t e r w a r d s  e x c e p t  f o r  o n e  r e a d i n g  
o f  22.4 mlb ,  t h e  r e a d i n g s  ranged  from 2 1 . 6  t o  22.1.  
The e a r l y  p u l s e s  a re  t h e  o n e s  i n  which t h e  l a r g e s t  
c h a n g e s  a re  o c c u r r i n g  i n  t h e  t e m p e r a t u r e  of  t h e  
t h r u s t e r .  

C o n c l u s i o n s  and Expected  Des ign  Improvements  

The development  of  t h e  t h e r m a l  s t o r a g e  r e s i s t o -  
j e t  h a s  p r o g r e s s e d  t o  t h e  p o i n t  where i t  c a n  b e  
s e r i o u s l y  c o n s i d e r e d  f o r  a p p l i c a t i o n  t o  s p a c e c r a f t  
a t t i t u d e  c o n t r o l ,  s t a t i o n  k e e p i n g  and s t a t i o n  s e e k -  
i n g .  A p r o t o t y p e  u n i t  h a s  s u c c e s s f u l l y  comple ted  
v i b r a t i o n  and t h e r m a l  vacuum t e s t i n g  s imilar  to '  t h a t  
which  might  b e  r e q u i r e d  o f  a f l i g h t  u n i t .  The r e -  
s i s t o j e t  p e r f o r m a n c e ,  a l t h o u g h  p r e s e n t l y  below de-  
s i g n  g o a l s ,  i s  a c o n s i d e r a b l e  improvement o v e r  c o l d  
g a s  s y s t e m s .  

Des ign  and p e r f o r m a n c e  improvements  t h a t  a r e  
e x p e c t e d  and  have been  d e m o n s t r a t e d  t o  a d e g r e e  i n  
t h e  l a b o r a t o r y  i n c l u d e :  

1) Weight r e d u c t i o n  
2 )  Lower power i n p u t  r e q u i r e m e n t  f o r  e q u i v a l e n t  

o p e r a t i n g  t e m p e r a t u r e  
3 )  Improved Isp a t  lower  t e m p e r a t u r e s  t h r o u g h  more 

c o m p l e t e  and r e l i a b l e  ammonia d e c o m p o s i t i o n .  

With r e s p e c t  t o  t h e  t h r u s t e r  w e i g h t ,  a s i g n i f -  
c a n t  improvement c a n  be a c h i e v e d  t h r o u g h  r e d e s i g n  
of t h e  mount ing  f l a n g e .  I n  t h e  model TSK-2000-1P 
t h r u s t e r ,  a p p r o x i m a t e l y  o n e - h a l f  t h e  t o t a l  w e i g h t  i s  
i n  t h e  mounting f l a n g e .  Changing t h e  f l a n g e  rnater- 
ial t o  T i t a n i u m ,  f o r  example ,  would r e d u c e  t h e  
t h r u s t e r  w e i g h t  a b o u t  25%. The u s e  of  a n  i s o l a t e d  
h e a t e r  e l e m e n t  would e l i m i n a t e  one of  t h e  f l a n g e  
s e c t i o n s .  

A 



Number Seconds Seconds Duty Thrust Minimum Maximw Core Ti.mc. Core T m p .  I ' p a t v  
of on off C y c l e  Chamber Recorded  Recorded a t  S t a r t  at End ? Fr 

% Psia mlb mlb "F "F k:atts 
Pulses Pressure Thrust Thrus t  o f  T e s t  cf Test 

50 5 5 50 23 20 21.7' 1761 il j? --37.1 

50 2 11 1/3 1: 22.5 20.5 21.8 17'74 1453 ?sa. 1 

50 30 170 15 22 21.6 27.7 1774 13 69 qc+c,. - 1 

9 .5  m i n u t e s .  

Except for the first two readings,  
and 21.7. 
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The power r e q u i r e m e n t  t o  a c h i e v e  a n  o p e r a t i n g  
t e m p e r a t u r e  of 2000°F c o u l d  b e  improved on  t h e  
o r d e r  of t e n  (10)  w a t t s  by t h e r m a l  i s o l a t i o n  of 
t h e  h e a t e r  e l e m e n t  a c c o r d i n g  t o  a n  a n a l y s i s  p e r -  
formed a t  NASA.  

To improve  t h e  s p e c i f i c  i inpulqe  p r o p e r t y  o f  
t h e  t h r u s t e r  2. s u b - c o n t r a c t  w a s  e s t a b l i s h e d  w i t h  
E n g l e h a r d  I n d u s t r i e s  t h r o u g h  G e n e r a l  E l e c t r i c  t o  
s t u d y  a n d  t e s t  c a t a l y t i c  compounds.  A s  a r e s u l t  
of t h i s  c o n t r a c t  a c a t a l y t i c  compound ( p r o p r i e t a r v  
t o  E n g l e h a r d )  was t e s t e d  t h a t  a s s u r e s  n niinimuin of 
90% ammonia d e c o m p o s i t i o n  a t  1500OF w i t h  no a p p r e -  
c i a b l e  d e g r a d a t i o n  a s  a f u n c t i o r l  o f  time. T h i s  
c a t a l y s t  i s  i n  t h e  form of 20 -25  m i l  a l u m i n a  
s p h e r e s  w i t h  t h e  a c t i v e  c a t a l v s t  c o a t i n g  t h e  
s p h e r e s .  The t h r u s t e r  f l o w  a n n u l u s  would be f i l l e d  
w i t h  t h e s e  s p h e r e s  such  t h a t  t h e y  would b e  i n  i n t i -  
mate c o n t a c t  w i t h  t h e  gas f l o w .  

A model TSK-2000-lP t h r u s t e r  w a s  m o d i f i e d  t o  
i n c o r p o r a t e  t h e  c a t a l y t i c  compounci dtid p t o v i d e  a 
t h e r m a l l y  i s o l a t e d  h e a t e r .  T h i s  t h r u s t e r  w a s  d e -  
s i g n a t e d  a s  a model TSK-2000-1CX t h r u s t e r .  
t o r y  t e s t  r e s u l t s  f o r  t h i s  t h r u s t e r  were compared 
w i t h  t h e  TSK-2000-1P t h r u q t e r .  R e s u l t s  o f  t h i s  
c o m p a r i s o n  a r e  shown i n  F i g u r e  13 p r o v i d e d  by 
G e n e r a l  E l e c t r i c .  A s  a n  example o f  t h e  c o m p a r i s o n  
f o r  t h e  t w o  t h r u s t e r s ,  c o n s i d e r  a f i f t e e n  w a t t  i n -  
p u t .  F o r  t h e  model TSK-2000-1P t h r u s t e r  t h i s  c o r -  
r e s p o n d s  t o  a co re  t e m p e r a t u r e  o f  1700'R and  a n  I sp  
of 192 s e c o n d s .  F o r  t h e  TSK-2000-1CX t h r u s t e r  the 
core t e m p e r a t u r e  would br 2100"R w i t h  at1 I sp  O C  1'36 
s e c o n d s .  

Labora -  
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FIGURE 13 
CONSTANT POWER (COURTESY G E 1 
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I n  a d d i t i o n  t o  t h e  d e s i g n  improvements  p r e -  
v i o u s l y  ment ioned ,  t h e  n e x t  major  s t e p  i n  t h e  re- 
s i s t o j e t  deve lopment  i s  t o  i n t e g r a t e  t h e  t h r u s t e r  
w i t h  a p r o p e l l a n t  s t o r a g e  and f e e d  subsys tem c a p -  
a b l e  of m e e t i n g  t h e  s p e c i f i c  m i s s i o n  r e q u i r e m e n t s  
o f  f u t u r e  s p a c e c r a f t  m i s s i o n s .  
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